A thin-film selective absorber at visible and near infra-red wavelengths is demonstrated. The structure consists of an optically thick layer of gold, a SiO 2 dielectric spacer and a partially transparent gold film on top. The optical cavity so formed traps and absorbs light at a resonance wavelength determined by the film thicknesses. Observed fundamental-resonance absorption strengths are in the range 93%-97%. The absorption red-shifts and broadens as the thickness of the top gold layer is decreased with little change in absorption strength. Thus, strong absorption with design-tunable wavelength and width is achieved easily by unstructured blanket depositions. Observed angle-dependent spectra agree well with the recent three-layer analytical model of Shu et al. [Opt. Express 21, 25307 (2013)], if effective medium approximation is used to calculate the permittivity of the top gold film when it becomes discontinuous at the lowest thicknesses. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Wavelength-selective plasmonic and metamaterial perfect absorbers have been studied extensively for various applications including infra-red (IR) bolometers, thermal imaging, thermal emitters, plasmonic sensing, and solar cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Up to $99% absorption is reported experimentally in the visible, near-IR (NIR), mid-IR, and at terahertz frequencies. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] However, the emphasis has been on threedimensional structures, which depend on numerical design and sophisticated fabrication techniques, such as electron beam lithography for in-plane patterning. Particularly, in the visible and near-IR, nanoscale structures such as periodic nano-discs, 4 squares, 5-7 metallic gratings and trapezoids, 8 and split ring resonators (SRRs) 9 have been investigated. This paper presents experimental characterization of an efficient selective absorber formed by three simple layers without any in-plane patterning at all. Such triple-layer structure composed of conductor-dielectric-conductor is known as a "Salisbury screen" at radio wavelengths and has been used to reduce radar cross-sections for military applications. 15, 16 Adaptation of this technology to visible and near-IR wavelengths has been investigated theoretically by Shu et al. 17 Unlike metamaterial absorbers, the device consists of unpatterned thin metal and dielectric films, which can be fabricated by any suitable means of blanket deposition. On the other hand, a possible disadvantage is that this type of absorber is 3-10 times thicker than previously reported metamaterial absorbers. [4] [5] [6] [7] In principle, freedom from lithographic patterning enables application to arbitrarily large areas by wet chemical methods. The resonant absorption occurs in multiple bands because of light trapping in the Fabry-Perot cavity so formed. The resonance wavelength depends on the thicknesses of the dielectric spacer and the top metal, while the deposited thickness of the latter strongly controls the resonance width without significantly affecting the absorption strength.
One of the primary objectives of this paper is to experimentally test the predictions of the analytic theory presented recently by Shu et al. 17 When the deposited thickness of our top-layer metallization is at least 20 nm, the film is more or less continuous, and theory agrees fairly well with experiment. On the other hand, for thicknesses much below 20 nm, the discontinuities in our films become significant, such that the theory of Ref. 17 is inapplicable. In fact, experiment then differs very strongly from that theory.
A second objective of this paper is to extend the theory of Ref. 17 to the case of discontinuous top metal films. Our hypothesis is that the theory will work if the discontinuities are smaller than the wavelength, such that macroscopic electrodynamics still applies, with suitable optical constants. We find that use of permittivity values obtained from effective medium approximation (EMA) [18] [19] [20] restores the substantial agreement with experiment, especially with respect to the wavelengths of the resonances, their widths, and their peak absorption.
For applications, there has been significant effort to broaden the absorption in resonant plasmonic/metamaterial nano-structures. 6, 8, 9 Reference 6 used a multiplexed periodic checkerboard of metal squares to achieve $200 nm absorption band width at 3.45 lm wavelength. Reference 8 employed crossed gratings and trapezoid structure to achieve 250 nm band width in the visible. Reference 9 investigated SRRs to realize $800 nm band width at 1.3 lm wavelength. All structures required electron beam lithography, which is unsuited for large areas or mass production.
A non-lithographic approach to broad absorption was presented in Ref. 10 , where nano-composite SiO 2 /Au films were co-evaporated. Strong absorption was achieved from 400 to 800 nm wavelength. However, the design-tuning range realized by changing the volume fraction of metal was only $100 nm. In contrast to the metamaterial and composite approaches, the simple three-layer Salisbury screen presented here provides a wide range of possible center wavelengths and absorption widths, simply by changing the thicknesses of the depositions. Yet all investigated variations maintain a peak fundamental absorption of at least 93% and up to 97%. No sophisticated lithography is required. In principle, low-cost wet chemical deposition could replace vacuum methods to achieve large area coverage.
II. THEORY Fig. 1 presents a schematic of the 3-layered metaldielectric-metal absorber, whose reflectance is
where
and r i,iþ1 are the angle-and polarization-dependent Fresnel amplitude reflection coefficients for light travelling from medium i to medium i þ 1. Thicknesses d i and relative permittivities e i are as indicated in Fig. 1 . The normal component of the wave vector in medium i is
where h is the angle of incidence on the top layer and k is the free-space wavelength. Light that is partially reflected at the semitransparent medium 1 interferes with light that makes a round trip through medium 2 and is again transmitted by medium 1. The condition of destructive interference places a node at medium 1, which is the same condition as for resonant light trapping with multiple reflections inside the dielectric of a Fabry-Perot cavity. The trapped energy is consumed by losses in the three media, where the dissipated energy density is proportional to the frequency, to the imaginary part of the permittivity, and to the square of the amplitude of the electric field. 21 This absorption mechanism for FabryPerot type metamaterial absorbers has also been described by Hao et al.
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The theoretical absorption resonances red-shift, broaden, and weaken with decreasing top-layer thickness d 1 . However, for deposited top layer thicknesses of 20 nm and below, the experimental shifts and broadening of the absorption bands greatly exceed those predicted by the theory, while the decrease in absorption strength is much less, if bulk permittivity values are assumed in the calculations. Such are inaccurate for very thin films, which become discontinuous. The observed length scale of the discontinuities is much less than our shortest wavelength (Fig. 2) , so that macroscopic electrodynamics holds with an appropriately averaged permittivity, and we may neglect scattering.
The averaged permittivity is found by effective medium theory, 18, 19 where the Maxwell-Garnett approximation (MGA) 18 and Bruggeman EMA 19 are the most commonly used formalisms. The latter is preferred for our films since MGA assumes a dilute system of non-interacting isolated nanoparticles. 18, 19 For normal incidence, we approximate our system as a 2-dimensional array of flat circular plates. The effective permittivity is then
where permittivity of bulk gold, and the permittivity of air has been taken to have the value unity. 20 Positive or negative roots in Eq. (4) are chosen based on the physical requirement that Im(e eff ) > 0 always. For f > 0.5, Re(e eff ) < 0, though its magnitude is smaller than that of the bulk metal. For, the films with f ¼ 0.85 and 0.54 studied here, over our spectral range, the Re(e eff
where f 0 is the apparent volume fraction at normal incidence and a is the characteristic size of the gaps.
III. EXPERIMENTAL DETAILS
To fabricate devices, a 150 nm layer of gold was deposited by electron-beam evaporation on a Si substrate with a 10 nm Cr sticking layer. SiO 2 dielectric was deposited by plasma enhanced chemical vapor deposition (PECVD) from a liquid Tetraethyl-orthosilicate (TEOS) source. PECVD oxide and gold stick well without Cr. The thickness of the PECVD oxide film is determined from interference fringes measured in reflectance using a UV-Vis-NIR Cary500i spectrometer before the top metal deposition. The thin top layer of gold was deposited by DC sputtering, with thickness determined from the sputtering time, which was calibrated by step profilometry. Atomic Force Microscopy (AFM) (Digital Instruments Dimension 5000U) was used to characterize the final surface roughness of the structures. Specular reflectance at near normal incidence was measured using a BOMEM DA8 Fourier spectrometer with Si (visible) or InSb (near IR) detectors, quartz or KBr beam splitters, and quartz-halogen or globar sources, respectively. Angle dependent specular reflectance was measured using the Cary500i UV-Vis-NIR spectrometer. Reflectance (R) is obtained by dividing the raw reflected power spectrum from the sample with that from a freshly evaporated, optically thick silver film on an optically polished flat. The initially focused incident beam of the spectrometer is collimated by a concave mirror and is incident on the sample at an angle of 8 using a mirror assembly. Reflected light is finally diverged at the appropriate acceptance angle to the detector collection optic by another concave mirror. The absorptance A ¼ 1 À R, since transmittance T ¼ 0 and we neglect scattering. The volume fraction of gold for the films, and characteristic dimension of the inhomogeneities, are determined from scanning electron microscope (SEM) images using imageJ software. 23 Fig. 2 presents SEM images of two different preparations of the top gold film. Bright parts of the image are gold and dark parts are subsurface SiO 2 . As thickness decreases, the film becomes more and more discontinuous. ImageJ analysis of 20 nm thick gold films gives a value for the gold volume fraction f ¼ 0.85 6 0.05, where f is determined by the ratio of extreme dark and bright areas of the image and the uncertainty comes from setting thresholds for brightness and contrast. For the 10 nm film, we find the area fraction f ¼ 0.54 6 0.01. The uncertainty is smaller here due to higher image contrast. Fig. 3 compares experimental and theoretical (Eq. (1)) reflectance spectra, both for 8 angle of incidence. Calculations performed at 0 and 8 angle of incidence are indistinguishable in comparison to the measurement uncertainties. Resonance peaks at these two angles differ by less than 0.003 lm wavelength, or 0.27%, for all sample conditions. The experimental spectrum was measured for an unpolarized beam, and the calculations plotted are an equally weighted average of TE and TM polarizations.
IV. RESULTS AND DISCUSSION
A number of trends are clear for calculated spectra that assume bulk permittivity values (dotted curves). 22 As the oxide thickness d 2 is increased, the fundamental resonance red shifts, and a higher order resonance enters the spectral range. The resonance line width is independent of the oxide thickness, but the depth of the fundamental is dependent. As top metal thickness d 1 decreases, the resonance red shifts and broadens modestly, and strength of absorption decreases significantly. Figs The f values that gave best fit to the experimental reflectance spectra agree with the f value determined from the SEM image ( Fig. 2(a) ) within the uncertainty.
Figs. 3(c) and 3(d) present reflectance spectra from samples with d 1 ¼ 10 nm and d 2 ¼ 172 and 320 nm, respectively. Peaks are significantly broadened and red-shifted compared to the d 1 ¼ 20 nm data by much more than predicted by theory based on bulk permittivity, while the decrease in peak absorption is much less. However, EMA permittivity values from Eq. (4) with f values as indicated in the plots give good match between theory and experiment. These fit values for f agree with the value determined from image analysis (Fig.  2(b) ) within the uncertainty, even though this uncertainty is smaller for this film.
For the sample with d 1 ¼ 20 nm and d 2 ¼ 320 nm, the fundamental is at 1.14 lm. Its 93% peak absorption is maintained when d 1 is halved, but the wavelength range over which the fundamental absorption exceeds 90% becomes 50Â broader. For the sample with d 1 ¼ 20 nm and d 2 ¼ 203 nm, the experimental fundamental absorption at 0.81 lm wavelength is 97% deep. Fig. 4 presents angle dependent reflectance spectra with TE and TM polarizations for two of our samples. In comparison with Fig. 3 , the spectral range is somewhat shorter on the long wave side due to the limitations of the different spectrometer used. Resonances are observed to red shift with increasing angle. The degree of agreement between theory and experiment is comparable to that in Fig. 3 . As in that case, the single parameter used to match the theory to the experiment was the gold volume fraction f. It was necessary to treat the apparent gold fraction f as being angle dependent. This parameter is varied manually until the shape and position of the resonances simultaneously agreed as closely as possible to the experimental result, as judged by eye.
The f values that gave the best fit are plotted vs angle in Fig. 5 and compared to curves obtained from Eq. (5). The gap sizes a were determined from ImageJ to be 37 and 13 nm for d 1 ¼ 10 and 20 nm, respectively. The normal-incidence f 0 values used in Eq. (5) were those determined from the SEM image, namely, 0.54 and 0.85, respectively. For the 20 nm thick top-layer, the very simple model for apparent gold fraction appears to work fairly well. At the highest angle of incidence, the apparent volume fraction is nearly unity, so that the permittivity approaches that of bulk gold.
For the 10 nm thick top-layer, the model curve is 2%-10% higher than the best-fit values. Perhaps here the neglected semitransparency of the gold becomes more important. Alternatively, the difference might be attributed to uncertainty in measured film parameters. For instance, by increasing the experimental value of the gap size a by just a few percent, the curve shifts downward sufficiently to considerably improve the agreement.
Numerical finite-difference time-domain (FDTD) method, informed by 3D microstructure from AFM, might possibly provide a more accurate agreement with experiment and improved intuitive understanding. However, typical AFM tips would have difficulty navigating the deep narrow gaps in our surface films, 24 so that obtaining accurate 3D morphology would be a challenge. Indeed, AFM measurements on our samples show height histograms with a single peak having a width that indicates a surface roughness of $2 nm, which is the same as that of the commercial polished Si substrate. Rapid design is well served by simple analytic models. All wavelengths considered are at least 10Â longer than any microstructure, so we are clearly in the regime of macroscopic electrodynamics in which optical properties are determined by an appropriately averaged permittivity. The simple effective permittivity described here, with the resonance theory of Shu et al., predicts with remarkable accuracy the positions, widths, and peak strengths of the absorption resonances. However, the model tends to over-estimate the absorption between the resonances.
It would be very interesting and useful for applications to extrapolate the optical Salisbury screen to mid-and longwave infrared wavelengths. Such might use (e.g.) dielectric films of infrared-transparent glass such as AsSe. 25 Such an IR effort would be timely, as suggested by the recent demonstrations of the two-dimensional thin-film total absorbers n þ Si on sapphire, 26 heated VO 2 on sapphire, 27 and Ge on n þ Si.
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V. SUMMARY
In summary, a strongly absorbing optical Salisbury screen, based on metal-dielectric-metal resonator, has been experimentally demonstrated at visible and near-IR wavelengths. Maximum absorption was in the range 93%-97% for all resonances. Experiments confirm the theory of Shu et al., 17 which we have successfully extended to the case of discontinuous top metal films by using permittivity values from effective medium approximation with input from microscopy. These absorbers require no in-plane patterning, yet give performance and design-tuning of resonance position and width comparable to much more sophisticated metamaterial absorbers. Hence, low cost fabrication over arbitrarily large areas may be achieved by wet chemical methods, in principle, i.e., as a wavelength-selective, ultra-black "paint." Potential applications include cloaking of (e.g.) military targets that might otherwise be susceptible to laser-marked guided munitions.
